A B S T R A C T In an attempt to define the relationship between plasma insulin and triglyceride concentrations, we have studied the effect of suppression of the postprandial insulin response upon the secretion and plasma concentration of very low density lipoprotein (VLDL)-triglycerides. Eight nondiabetic subjects with a wide range of fasting plasma triglyceride levels (100-358 mg/dl) were studied during three dietary periods: base line, high carbohydrate (80% calories), and high carbohydrate (80% calories) with a daily intravenous infusion of somatostatin (SRIF) (1.3 ,g/min) between 800 and 2,100 h. The significant increase in postprandial insulin response observed during high carbohydrate vs. base line was completely abolished during high carbohydrate-SRIF. However, plasma triglyceride levels rose in all subjects during each high carbohydrate period (with/without SRIF) vs. base line and the mean values reached during each period were the same (476±165 vs. 482±152 mg/dl, respectively). The secretion of VLDL-triglyceride into plasma was higher in four subjects, the same in two subjects, and lower in one subject during high carbohydrate-SRIF vs. high carbohydrate alone. The mean production rate of VLDL-triglyceride (mg/kg per h) was 25.6±4.9 during the high carbohydrate and 40.9±28.1 during This work was presented in part in abstract form at the
INTRODUCTION
During the past two decades, several groups of investigators have presented evidence indicating a close relationship between plasma insulin levels and fasting plasma triglyceride levels. Significant positive correlations have been demonstrated between both fasting and postprandial plasma insulin concentrations and the fasting concentration of plasma triglyceride in subjects with normal plasma triglyceride levels (1) and in subjects with hypertriglyceridemia (2-4). Carbohydrate induction of hypertriglyceridemia has been used as a model of the insulin-triglyceride relationship (5, 6) . During consumption of a fat-free, 75-85% carbohydrate diet, plasma triglyceride levels increase and this rise has been found to result from an increase in very low density lipoprotein (VLDL)-triglyceride secretion into plasma (6) (7) (8) . Postprandial insulin responses during consumption of this diet have been found to correlate with VLDL-triglyceride production rates (6) . However, only a single study has been published in which there was an attempt to directly study the role of plasma insulin levels in the regulation of VLDLtriglyceride production (9) . Somatostatin (SRIF)' is a tetradecapeptide which is present in many organs, including the hypothalamus and the pancreas. SRIF is a potent inhibitor of the secretion of many hormones, including insulin (10) . We chose, therefore, to utilize SRIF as a tool for directly probing the role of the postprandial insulin response in carbohydrate-induced hypertriglyceridemia.
METHODS
Eight subjects with a range of fasting plasma triglyceride levels were studied. The clinical characteristics of the group are presented in Table I . All subjects had normal fasting plasma glucose concentrations and none had any diseases known to result in secondary hyperlipidemia. No subject was taking any medication known to affect lipid or carbohydrate metabolism. All subjects gave informed consent before entering the study.
Protocols. Each subject was admitted to the Clinical Research Center at the University Hospital of the University of California at San Diego School of Medicine, La Jolla, CA. The subjects remained in the Center throughout the entire study period. Physical activity was limited to walking about the Center. Routine blood chemistries, complete blood count, coagulation profile, and urinalysis were obtained. For the first 7 d (base-line period), the subjects were fed a weightmaintaining liquid formula diet (30-35 kcal/kg per d) consisting of 40% carbohydrate, 40% fat, 20% protein with a ratio of polyunsaturated fat equal to 2.0, and 300 mg cholesterol daily. The diet was given in four equally divided meals at 900, 1200, 1500, and 1800 h. After this base-line period, subjects 1-5 were switched to a high carbohydrate liquid formula diet consisting of 80% carbohydrate and 20% protein, which was consumed at the same times used during the base-line period. This fat-free formula was consumed for the next 5 d (high carbohydrate period). During the succeeding 48 h, the turnover of VLDL-triglyceride was measured (see below). For this period, subjects were given the same fat-free formula, but received only 60% of the total daily calories used to maintain their weight. In addition, they now ingested the formula every 3 h. This protocol has been shown to maintain steady-state plasma triglyceride concentrations throughout the 48 h of the VLDL-triglyceride turnover study period while eliminating the periodic influx of chylomicrons that would result from consumption of dietary fat (8, 11) . After completion of the 48-h turnover protocol, the subjects returned to the base-line period diet for another 7 d. This was followed by a second 5- 4 and 5 of each of the high carbohydrate periods (with/without SRIF) blood was taken for measurement of plasma glucose, insulin, and glucagon at 1, 2, and 3 h after both the 900-and 1800-h feedings. In addition, three subjects had blood samples drawn for measurement of these three substances every 3 h for the 48 h encompassing each of these 2-d sampling periods. Plasma FFA levels were also measured every 3 h over the 2-d sampling period during the high carbohydrate and the high carbohydrate-SRIF periods in these three subjects (FFA levels were not measured during the base-line period).
All blood samples, except those for glucagon determination, were drawn into EDTA tubes (1.0 mg/ml) and centrifuged at 1,500 g for 30 min. The plasma was separated and placed at 4°C for lipid and lipoprotein measurements or at -20°C until assay for glucose, insulin, and FFA levels. Blood for measurement of plasma glucagon was put into tubes containing Trasylol (Delbay Pharmaceuticals Inc., Div. Schering Corp., Bloomfield, NJ). Plasma was quickly separated and stored at -70°C until assay. Plasma immunoreactive insulin was determined by radioimmunoassay (12) with 1251 insulin purchased from New England Nuclear (Boston, MA) and an antiporcine insulin antibody obtained from Miles Laboratory Inc., Elkhart, IN. Insulin used as standard was from Novo Research Institute, Copenhagen, Denmark. Plasma glucose was measured by using glucose oxidase and a Beckman Analyzer (Beckman Instruments, Fullerton, CA). Plasma-immunoreactive glucagon was determined by using the method of Unger (13) . 1251-Glucagon was purchased from New England Nuclear, the antiglucagon antibody (30,000 mol wt) was obtained from the laboratory of Dr. R. Unger, and standard glucagon was obtained from Lilly (Eli International Corporation, Indianapolis, IN). Plasma FFA levels were measured by the method of Noma et al. (14) . Plasma triglyceride and cholesterol were measured by Lipid Research Clinic methods using the Technicon autoanalyzer (Technicon Instruments Corp., Tarrytown, NY) (15) . Measurement of the plasma turnover of VLDL-triglycerides were carried out using the protocol of Grundy et al. (11) . 18 (11, 16) . The FCR multiplied by the VLDL-triglyceride pool during the steady state turnover period yields the production rate of the lipoprotein lipid.
Statistical analysis was carried out using the t test for paired data. Each subject's data obtained during the first base-line period were compared with those obtained during the high carbohydrate periods (with and without SRIF). In addition, the data from the two high carbohydrate periods were compared with each other. Because of wide subject variability in the absolute levels of the measured substances, the postprandial data were plotted as percentage of baseline value. The three hourly samples obtained over a 48-h period were analyzed by analysis of variance for effect of time and diet (17) . Correlation coefficients were calculated using linear regression analysis. (Fig. 3) . Although both the AM and PM responses during high carbohydrate-SRIF were significantly decreased vs. the base-line period responses, only the AM response during the former was significantly lower than that response during high carbohydrate alone. The individual AM and PM postprandial responses of plasma glucose, insulin, and glucagon during each study period are presented in Table II .
To demonstrate that the effect of SRIF was uniform throughout the day and to assure ourselves that rebound elevations of hormones and substrates did not occur when the SRIF infusions were stopped, three subjects (6-8) had, in addition, blood samples drawn every 3 FIGURE 2 Effect of SRIF infusion on postprandial glucose response to a high carbohydrate diet. The data were obtained as described in Fig. 1 . The AM response during high carbohydrate-SRIF (hatched bar) was also greater than during base line (P < 0.05). substances were affected by the administration of SRIF in a manner similar to that seen during the immediate substances were the same during the base line and the postprandial periods (Figs. 1-3) . Thus, plasma insulin two study periods. The FFA data from the two high and glucagon concentrations were reduced and plasma carbohydrate periods are depicted in Fig. 4 . Although glucose levels increased during infusion of SRIF com-there was an obvious diurnal rhythm of plasma FFA pared with base line. However, these data also indi-levels, SRIF infusion had no effect on the FFA concated that overnight concentrations of all three of these centrations in these subjects. periods. Four of the seven subjects studied actually had higher rates of VLDL-triglyceride secretion during the high carbohydrate-SRIF period. Two subjects had the same secretion rates and one had a decreased rate of VLDL-triglyceride production during high carbohydrate-SRIF. Finally, postheparin plasma lipoprotein lipase and hepatic triglyceride lipase activities were unaffected by daily SRIF infusions (data not shown).
As noted by other workers (1-6), there were correlations between the postprandial plasma insulin response (AM) and the fasting plasma VLDL-triglyceride concentration during both the base-line period (r = 0.65) and the high carbohydrate period (r = 0.64), although these values did not reach statistical significance at the level of P < 0.5. This relationship disappeared when postprandial insulin levels were suppressed during the high carbohydrate-SRIF period (r = 0.05), although an equivalent degree of hypertriglyceridema was induced. The degree of suppression Mean of two base-line periods during the Hi-CHO and Hi-CHO-SRIF studies (milligrams per deciliter) (see Table III Hi-CHO, high carbohydrate alone; Hi-CHO-SRIF, high carbohydrate plus somatostatin (1.3 Ag/min); Hi-CHO-SRIF-Glucagon, high carbohydrate plus somatostatin (1.3 gg/min) plus glucagon (1.0 ng/kg per min). t AM, sum of hourly plasma glucagon levels at 1000, 1100, and 1200 h; PM, sum of hourly plasma glucagon levels at 1900, 2000, and 2100 h. least as great during replacement of glucagon as during the period when glucagon levels were suppressed. The plasma glucagon levels during replacement were significantly greater than those present during either of the high carbohydrate periods (with and without SRIF) ( Table V) .
DISCUSSION
Our goal in this investigation was to test directly the hypothesis that postprandial hyperinsulinemia vas causally related to the hypertriglyceridemia associated with ingestion of high carbohydrate diets. To achieve this goal, we used SRIF, a potent inhibitor of the secretion of several peptide hormones, to inhibit the increased postprandial insulin response to an isocaloric, fat-free, high carbohydrate diet in a group of subjects with a wide range of fasting plasma triglyceride levels. Under the conditions of our protocol, SRIF abolished the excessive postprandial insulin response to a high carbohydrate diet without causing absolute insulin deficiency. In addition, overnight plasma insulin levels were unaffected by the daytime infusion of SRIF. Although postprandial hyperinsulinemia was prevented during high carbohydrate-SRIF, induction of hypertriglyceridemia was essentially identical in our eight subjects during that period, compared with the high carbohydrate alone period when postprandial insulin levels were significantly increased vs. base line.
These data indicate that although elevated post- (18) . However, although that study demonstrated constancy of the relationships between these three variables before and after weight loss, the many other metabolic changes accompanying weight loss, e.g., an improvement in insulin sensitivity (18, 19) , restrict interpretation of the data. A more direct approach was taken by Eaton and Nye (9), who administered diazoxide, an agent that suppresses insulin secretion, to four subjects with a wide range of fasting plasma triglyceride concentrations. All four subjects had decreases in fasting plasma triglyceride concentrations during the 5-7 d of diazoxide administration. Although "overt glucose intolerance" was noted in all four patients during the study period, no quantitative data were given. In addition, no data regarding plasma glucagon or ketone levels or degree of glucosuria were included. However, this report did suggest that some critical level of insulin action might be necessary to maintain triglyceride secretion. Evidence in support of a critical role for insulin in the synthesis and secretion of triglycerides by the liver can also be found in studies using animal models of diabetes mellitus. Thus, several groups have demonstrated markedly reduced secretion of VLDL-triglyceride in chemically or surgically induced diabetes mellitus in rats (20, 21) and dogs (22) . Insulin secretion was markedly reduced in these animal models. In contrast, in most studies of human diabetes mellitus, increased plasma triglyceride concentrations have been associated with increased production of VLDL-triglyceride (23, 24) .3 Overall, these studies of triglyceride metabolism in diabetes mellitus strongly suggest that a minimal level of insulin is necessary to maintain synthetic and secretory mechanisms for VLDL-triglyceride production, but that in the presence of this critical level of insulin, increased availability of substrates such as glucose and FFA can result in increased synthesis of triglyceride. This view is supported by in vitro work using perfused or perifused liver cells in which addition of superphysiologic quantities of insulin to insulin-free media increased release of triglyceride into the media (25, 26) . In the present study, although postprandial insulin secretion was inhibited by SR-IF, insulin concentrations during infusion of SRIF were equal to or only slightly less than those present during the base-line period. Thus, absolute insulin deficiency was never present in our subjects. This fact differentiates our study from that of Eaton and Nye (9) and from the animal studies mentioned (20) (21) (22) .
Several alternative explanations of our results must be addressed. First, inhibitioni of the postprandial plasma insulin response to the high carbohydrate diet by the infusion of SRIF was associated with increased plasma glucose levels. However, this was only significant during the hours immediately following the feeding at 900 h. In addition, overnight glucose levels, measured in three subjects, were the same in both high carbohydrate periods and did not differ from those present during the base-linle period. Thus, althouigh we concede that modest increases in plasma glucose levels, as an indication of diminished postprandial insulin secretion, might have provided increased substrate for triglyceride production, we do not believe this can account for the degree of hypertriglyceridemia that occurred during the higlh carbohydrate-SRIF period.
Because we expected that postprandial glucagoin levels would be significantly suppressed during the high carbohydrate diet (without SRIF), we did not infuse glucagon along with SRIF in our original protocol. However, in most studies, plasma glucagon levels were further suppressed during high carbohydrate-SRIF. Because glucagon is an important regulator of hepatic FFA metabolism, with decreased glucagon levels associated with increased rates of FFA incorporation into triglycerides (27, 28) , we further investigated the role of glucagon suppression during infusion of SRIF. First, in the three subjects sarnpled for 48 Ii, overnight glucagon levels did not differ in any of the three sampling periods (including base line). Thus, there was no evidence to suggest that hypoglucagonemia might have resulted in increased incorporation of FFA into hepatic triglyceride during the nighttime hours of the high carbohydrate-SRIF period. More direct evidence against a significant role for hypoglucagon-iemia in these studies resulted from our glucagon-reinfuision studies. During high carbohydrate-SRIF plus glucagon, wheni plasma glucagon levels were maintained at levels greater than those present during either high carbohydrate period, hypertriglyceridemia developed to the same degree as that present during the high carbohydrate period in the two subjects studied. Although a peripheral infusion of glucagon may not perfectly mimic the secretion of that hormoine into the portal vein, the levels ve attained in the periphery were great enough to mimic the portal veiin concentrations present during the high carbohydrate period (29) . We believe, therefore, that the glucagon reinfusion studies eliminate the possibility that the increased inhibition of glucagon secretion observed during high carbohydrate-SRIF played a significant role in the induction of hypertriglyceridemia observed during that period.
FFA are the major substrate regulating hepatic triglyceride synthesis (30, 31) . Thus, in liver perfusion studies, for any levels of plasma insulin present, increasing the FFA levels results in increasing triglyceride synthesis (31) . Overnight levels of FFA are thought to be important regulators of the response of fasting plasma triglycerides to a high carbohydrate diet (2) . In fact, Shlierf et al. demonstrated inhibition of carbohydrate-induced hypertriglyceridemia by overnight intravenous infusions of glucose, which suppressed nocturnal flux of FFA (32) . In the three subjects studied, overnight plasma FFA levels did not differ during the two study periods. Thus, although flux of plasma FFA was not measured directly, it is probable that FFA transport to the liver was similar during both high carbohydrate periods.
Finally, the use of SRIF as a probe of the insulintriglyceride relationship may itself have introduced an artifact. SRIF has been shown to diminish absorption of glucose from the small intestine (33) . However, this would not have had major significance in our study, where the response of the liver to a high carbohydrate diet is slow, requiring several days to reach equilibrium (5, 6) . Direct effects of SRIF on hepatocyte triglyceride secretion or on FFA release from adipocytes have not been reported. In this regard, we have measured plasma triglycerides in four subjects over two 72-h periods during which they consumed an isocaloric diet of 40% carbohydrate, 40% fat, and 20% protein with and without a simultaneous, continuous infusion of SRIF. No effect of SRIF on plasma triglycerides was noted (unpublished observation).
In summary, the data presented here demonstrate that postprandial increases in insulin are not necessary for the induction of hypertriglyceridemia by high carbohydrate diets. Thus, although highly significant correlations can be found between postprandial insulin responses and rates of VLDL-triglyceride production, no direct causal relationship need exist. A coexistent abnormality that affects the regulation of these two variables could explain their close association. Such a common factor might be cellular resistance to the effects of insulin on glucose metabolism and lipolysis (2, 34) . This abnormality would result in decreased glucose oxidation and increased FFA flux in the face of normal or elevated plasma insulin levels and would provide an excellent milieu for the synthesis of VLDLtriglyceride. Finally, although the present study did not directly address the issue, the significant relationships demonstrated between elevated levels of fasting plasma insulin and hypertriglyceridemia may similarly only reflect the common association of these two states with a metabolic defect that is causally linked to both.
